Abstract The U.S. Department of Energy's (USDOE) Savannah River Site (SRS) is a former nuclear weapon material production and current research facility adjacent to the Savannah River in South Carolina, USA. The purpose of this study was to determine the background radiocesium ( 137 Cs) body burden (e.g., from global fallout) for white-tailed deer (Odocoileus virginianus) inhabiting the SRS. To differentiate what the background burden is for the SRS versus 137 Cs obtained from SRS nuclear activities, data were analyzed spatially, temporally and compared to other off-site hunting areas near the SRS. The specific objectives of this study were: to compare SRS and offsite deer herds based on time and space; to interpret comparisons based on how data were collected as well as the effect of environmental and anthropogenic influences; to determine what the ecological half-life/decay rate is for Cs sources were much higher than both the SRS and a nearby (Sandhills) study site. Moreover, deer from private hunting grounds have the potential to be baited with corn, thus artificially lowering their 137 Cs body burdens compared to other freeranging deer. Additionally, sample size for offsite collections were not robust enough to calculate a temporal decay curve with an upper confidence level to determine if the herds are following predicted radioactive decay rates like the SRS or if the variability is due to those points described above. Using mean yearly values, the ecological half-life for 137 Cs body burdens for SRS white-tailed deer was determined to be 28.79 yearsvery close to the 30.2 years physical half-life.
Cs obtained from SRS nuclear activities, data were analyzed spatially, temporally and compared to other off-site hunting areas near the SRS. The specific objectives of this study were: to compare SRS and offsite deer herds based on time and space; to interpret comparisons based on how data were collected as well as the effect of environmental and anthropogenic influences; to determine what the ecological half-life/decay rate is for 137 Cs in the SRS deer herd; and to give a recommendation to what should be considered the background 137 Cs level in the SRS deer herd. Based on the available information and analyses, it is recommended that the determination of what is considered background for the SRS deer herd be derived from data collected from the SRS deer herd itself and not offsite collections for a variety of reasons. Offsite data show extreme variability most likely due to environmental factors such as soil type and land-use patterns (e.g., forest, agriculture, residential activities). This can be seen from results where samples from offsite military bases (Fort Jackson and Fort Stewart) without anthropogenic
Introduction
The purpose of this study was to determine the background radiocesium ( its opening in 1951 (Fig. 1) . The SRS was established by the Atomic Energy Commission (now the USDOE) for the purposes of making weapons-grade material for nuclear bombs and, as such, was comprised of five active nuclear reactors. By 1988, all five reactors ceased operations and are now in various stages of decommissioning. During processing, the reactors produced materials consisting of tritium ( 3 H), uranium (U), plutonium (Pu) and ancillary fission products. The fission of 235 U in fuel elements during normal operations, as well as leaks in storage containments, released 137 Cs into the environment and, consequently, contaminated SRS terrestrial and aquatic ecosystems (Carlton et al. 1992; Gaines et al. 2000) . Although technically a strong beta radionuclide, 137 Cs is in a metastable state with 137 Ba, a gamma-emitting radionuclide, with a physical half-life of 2.552 min. However, the 662 keV gamma ray appears with the half-life of 137 Cs, which is 30.2 years, because the two isotopes are in secular equilibrium (Gilmore and Hemingway 1995) . 137 Cs is traditionally regarded and listed in tables as "the 137 Cs gamma," although this energy is truly a daughter product and is therefore detected and quantified via gamma spectroscopy (Gilmore and Hemingway 1995) . Since these releases, human activities and ecological processes in and around the SRS have influenced the bioavailability and transport of 137 Cs, the most widely distributed radioactive contaminant on the site (Gaines et al. 2000) .
Given that most of the SRS was/nor is currently industrialized, the vegetation structure is either relatively undisturbed or has been converted to pine for timber production. Concurrently, wildlife populations [primarily white-tailed deer and later feral hog (Sus scrofa)] grew during the early years of SRS operation due to the Fig. 1 Map of the Department of Energy's Savannah River Site (SRS) located in west-central South Carolina. Two military bases (Fort Jackson, Fort Stewart) where white-tailed deer were sampled for this study are also shown available habitat and the elimination of hunting pressure (Gaines et al. 2000) . During the 1950s and early 1960s, because of the growing herd size, animal-vehicle accidents were increasing throughout the SRS. In 1965, based primarily on the concerns over the increasing number of accidents, as well as the health of the herd, the SRS began to sponsor an annual deer harvest, open to the public. Early SRS hunts were dog drive hunts and then from 1969 through 1980, a combination of dog drive and still hunts were used. In 1981, the hunts were changed back to a dog drive format exclusively. Hunts were conducted annually (the 2001 hunt was delayed due to security concerns and thus only a relatively small proportion of the site was hunted. From 1965 to 1969, all animals were monitored in the field with a G-M detector for gross beta/gamma activity levels (Fledderman 1992) . This screening provided a means of releasing an animal to the hunter, although the activity was not quantified. Muscle plugs from approximately 20 % of the animals were sampled for laboratory analysis using the appropriate beta and gamma spectrometry to detect the radionuclides of concern, these results confirmed that the activity was indeed 137 Cs (Rabon and Johnson 1973; Watts et al. 1983) . In 1970, a portable scintillation detector was used in the field to screen all animals prior to release to the hunter; this system also provided a means of quantifying radionuclide concentrations in the animal (Rabon and Johnson 1973) . The monitoring was performed to ensure animals are not released to the hunter if the hunter's dose (from consumption) would exceed the annual administrative dose limit. In the 1980s, a 100 pCi/g release limit was implemented for game animals. In 2006, an administrative release limit of 30 mrem was applied. In April 2012, the dose limit was further reduced to an even more conservative dose of 22 mrem/year. In addition, cumulative estimated dose rates for hunters were calculated based upon the total number of deer harvested by each hunter each hunt year. The system for tracking cumulative hunter dose began in 2007.
137
Cs acts as an elemental analogue to potassium (K) and, as such, if K is unavailable or limited in the environment, 137 Cs will be taken up by biota [conversely, addition of K to soil has been shown to reduce uptake of 137 Cs; (Bulgakov 2007) ]. When there is a homogenous distribution (e.g., global fallout is the main source term), habitat variables, especially soil type, will dictate 137 Cs bioavailability within a system (Jenkins 1975 , Jenkins et al. 1971 Whicker and Pinder 2002 (Jenkins 1975; Jenkins et al. 1971) . Analyzing data based on such vegetation structure and soil type to explain some of the variation associated with deer body burden is ideal. However, such analysis must be performed within the scale of the harvest itself. With SRS hunt compartments ranging from 3,458 to 5, 273 ha, the compartment is a statistically sound scale to investigate deer 137 Cs levels. That is, since deer are run with dogs throughout a hunt compartment (Fig. 2) and their home range (the area in which they naturally reside) exceeds the spatial scale of the hunt stand itself, analyzing variation in 137 Cs in the SRS deer herd at the compartment level will not be affected by the aforementioned variables. Deer studies on the SRS support this choice of scale (Sweeney 1970; Wentworth 1998) , with a more recent study (D'angelo et al. 2003) showing home ranges of up to 500 ha with mean deer movements during SRS hunts to be 0.8 km.
To provide a comparison of SRS deer herd 137 Cs body burdens with offsite deer herds, South Carolina Department of Health and Environmental Control (SC-DHEC) has collected deer muscle plugs from areas offsite, but near the SRS and other various control sites further from the SRS (Figs. 1-2) . Concurrently, laboratories associated with DOE-SRS have sampled deer from the perimeter of the SRS proper (Fig. 2) . Offsite samples are useful in providing baseline information regarding other deer herds, but present challenges for direct comparison. Specifically, samples taken from private lands are heavily baited with corn. Therefore, the uptake of 137 Cs by these animals will be reduced based on increased K levels in the corn from fertilizers (Heckman and Kamprath 1992; Stewart et al. 1965) . How the hunts are performed and how the data are collected dictate the approaches to properly discern what background 137 Cs concentrations are in the SRS deer herd and the specific objectives that can be addressed. SRS hunts are managed by harvesting animals on a rotational basis using a compartmental approach (Fig. 3) . Specifically, the SRS is broken down into 52 labeled hunt compartments. However, some compartments are never hunted due to site activities, while some have been merged over the decades leaving units that are not labeled sequentially. Compartmental borders are based on natural and man-made boundaries as well as consideration of size and juxtaposition to industrial activities. Within each compartment, hunt stands are established by placing hunters at known locations, safely distanced from each other to harvest animals during the dog drives. Each hunt compartment is not necessarily hunted at the same rate or intensity, and therefore, these aforementioned variations must be considered during data analysis.
To differentiate what the background burden is for the SRS versus 137 Cs obtained from SRS nuclear activities, data were analyzed spatially, temporally and compared to other off-site hunting areas near the SRS. When radioactive isotopes are released into ecosystems such as those associated with the SRS, the isotopes will also have an ecological half-life. Theoretically, this is the time required for the activity of a radioactive substance (in this case, 137 Cs), once established and at equilibrium within a given ecosystem compartment, to decrease by 50 %. This is a result of the isotope either becoming ecologically unavailable or being physically removed from a system (Brisbin 1991) . The concept of ecological half-life is additionally constrained by the fact that ecosystem compartments are dynamic and rarely achieve equilibrium. As the time required to reach effective equilibrium increases, it becomes less likely that these conditions will remain constant (Peters and Brisbin 1996) . Therefore, having a relative estimate of the ecological half-life of any contaminant as it relates to the species uptake and depuration rate is essential in modeling contaminant mobility. That is, once these parameters are known, the spatiotemporal patterns can be better predicted. Therefore, the specific objectives of this study were to:
(1) Compare SRS and offsite deer herds based on time and space. (2) Interpret comparisons based on how data were collected as well as the effect of environmental and anthropogenic influences. Cs level in the SRS deer herd.
These objectives are based on the hypothesis that the majority of 137 Cs acquired by deer, regardless of location, is from global fallout. The methods describe below address these objectives while simultaneously testing this hypothesis. The results from this study can be applied to other site-specific contaminated areas such as the Chernobyl and Fukushima sites as well as others located in the USA.
Methods

Collection sites
Data used for this monitoring and assessment study were for deer collected and analyzed on the SRS via hunts as described above. Samples were also collected and analyzed by SRS personnel from offsite locations (broken into quadrats; Fig. 2 ) near the SRS, as well as by SRS personnel from military bases in South Carolina (Fort Jackson, Fort Stewart; Fig. 1 ). Muscle plugs from deer were also collected and analyzed by SCDHEC from 11 offsite locations throughout South Carolina (Fig. 2 ).
Statistical analysis
Hip-monitored data for the SRS were analyzed at the compartment level, year, 5-year period, and sample decade (e.g., 10-year time block) from 1965 to 2006. The years 1991 and 2000 were not available for analysis as the USDOE did not release the data. Compartments were adjusted for merge effects to preserve the spatial consistency of the analysis. For example, if two compartments were merged into one compartment, then data from the two compartments were always analyzed as one compartment even prior to the merge. Offsite deer collected from SC-DHEC and SRS laboratories were analyzed by year and location. All statistical analyses were performed in SAS® 9. 1.3 (2004) . To determine the ecological half-life for deer residing in their native habitat, the decay rate was estimated using both the mean and median of the dataset as well as 38th/62nd percentile which is statistically comparable to the arithmetic mean's 95 % confidence limits (Zar 1999 ). Predicted Fig. 2 Map of hunt compartments on the SRS (onsite) and nearby sites off the SRS (quadrat: NW, NE, SE, SW and DHEC 1-7) that white-tailed deer were collected for this study. SRS facility areas that include industrial areas are also shown. Facility areas that are associated with radiological releases that present a potential exposure to game include F/H, L, P, and R areas ) in SRS deer at the compartment level from 1996 to 2006. Compartments (labeled) near and downstream from SRS nuclear activities tend to have higher radiocesium levels than the rest of the SRS. However, deer from unimpacted compartments far from industrial activities such as those in the north and western portion of the SRS also have elevated radiocesium levels compared to the rest of the SRS. Compartment numbers without color (e.g., 0, 1, 19, 31, 47, 50) are not hunted confidence limits should be used to ensure that the estimated mean falls within those limits. To determine best estimates for individual deer, the lower and upper 95 % confidence limits of the data (LCLD/UCLD, respectively) were calculated using the standard deviation. These confidence limits should be used to be 95 % confident that any individual deer's radiocesium body burden is in that range (Zar 1999) . UCLDs were used for risk assessment purposes (e.g., to estimate the upper exposure threshold). These data are summarized by compartment, year, 5-year time blocks and 10-year time blocks. Analysis of covariance (ANCOVA) was used to test the effect of decade on the decline in 137 Cs over time in white-tailed deer on the SRS. A nonsignificant slope×decade interaction would indicate a single trend following radioactive decay with no decade effect. This would imply that there is little or not enough remobilization/new introductions of 137 Cs in the environment to influence the uptake by the SRS deer herd. An analysis of variance (ANOVA) was used to determine if there were differences between body burdens in deer (pCi g -1 ) collected by SCDHEC from various areas off the SRS. An ANOVA was also used to determine if there were differences between body burdens in deer (pCi g -1 ) collected by SRS personnel from various areas off the SRS and directly adjacent to the SRS.
137
Cs body burdens in deer (pCi g -1 ) collected near the SRS (Offsite SRS and Offsite SCDHEC) were summarized by year.
Results
SRS muscle plug data (yearly mean) were compared to the corresponding (yearly mean) hip monitor data using a Student's t test to determine if there is a difference in the two techniques. Muscle (x ¼ 6:968 , SD=1.281) pCi g -1 was significantly higher than whole body (e.g., hip-monitored deer; x ¼ 4:839 , SD=0.995) pCi g -1 (t=−4.338, n=9, P=0.0033). However, this analysis lacks statistical rigor because the samples themselves were not matched. Therefore, to ensure best estimates, only hip monitor data were used for all subsequent analyses because it provides much more strength in the statistical modeling. Moreover, only 20 % of SRS deer are sampled for muscle plugs, and the dataset archives do not always provide a matched ID with the hip monitor data, so estimating the true relationship between the hip-monitoring data and the muscle plug data over time is impossible. Since, other published reports have validated the muscle plug to hip monitor technique (see Fledderman 1992) analyzed at 5-year time blocks showed a slow decline with all half-decades significantly differing from each other except the 2nd and 4th time block (ANOVA: F=702.31, df=7, P<0.0001, R 2 =0.1128; Table 2 ). Moreover, the ANCOVA testing the effect of decade on the decline in 137 Cs over time in white-tailed deer on the SRS showed a single trend following radioactive decay with no decade effect (Table 3) .
137
Cs body burdens in deer (pCi g -1 ) collected by SCDHEC ANOVA results showed that the "Sandhill" collection site was significantly higher than all other sites (F=27.27, df=10, P<0.0001) with no other sites being significantly different from each other (Table 4) .
Cs body burdens in offsite deer (pCi g -1 ) collected by SRS personnel ANOVA results (F=58.88, df=5, P<0.0001) showed that both the "Fort Jackson" and "Fort Stewart" collection sites were significantly higher than all other sites, but not significantly different from each other with no other sites being significantly different from each other (Table 5 ). Moreover, ANOVA results comparing SRS hip-monitoring data to offsite data collected either by laboratories associated with the SRS or SCDHEC showed, in both cases, deer collected off the SRS were significantly lower in 137 Cs than deer collected on the SRS (Tables 6, 7 and 8).
Cs body burdens in deer (pCi g -1 ) collected on the SRS was similar even when comparing contamination status (e.g., impacted areas, unimpacted areas, or all combined areas; Table 9 ). Mean 137 Cs body burdens and 95 % confidence limits in SRS deer (pCi g -1 ) by year and the estimated decay rate based on both exponential and linear models with their coefficient of determination (R square) explained similar amounts of variation with similar slopes (Fig. 4) . Specifically, the exponential model explains 50 % of the variation, while the linear model explains 46 % of the variation. The ecological half-life for 
Discussion and management recommendations
Based on the available information and analyses, it is recommended that the determination of what is considered background for the SRS deer herd be derived from data collected from the SRS deer herd itself and not offsite collections for the following reasons: Data are presented as the arithmetic mean with lower/upper 95 % confidence limit (LCL/UCL). Background compartments (2-4, 9-15) are indicated with an asterisk (*). Data that were not assigned a compartment were categorized as missing Cs in the environment to influence the uptake by the SRS deer herd. This is consistent with findings from time trend (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) analysis of 137 Cs transfer to roe deer in Austrian forest regions that showed similar trends (Strebl and Tataruch 2007) . Moreover, both decade and half-decade analyses showed that sequential time periods to significantly differ from one another. There are two main reasons for this. First, the robust sample size of the collection of the SRS deer herd allows for a very good estimate of the true population mean and therefore the variance is minimized. Secondly, the physical decay of 137 Cs and its ecological half-life on the SRS is a predictable downward trend.
Therefore, it is recommended that either the most recent decade or half-decade upper 95 % confidence limit of the mean for the entire SRS be used as an estimation of what the background 137 Cs body burden for the SRS deer herd. All data analysis showed a statistically significant tendency toward normality and the coefficient of determination explained more model variation in the mean decay model than the median decay model. Since the half-decade values should provide the best estimate of the current background for the SRS deer herd, the upper 95 % confidence limit of the mean for this time period would be the best estimate to use. However, there are times when the SRS may not be hunted, or hunting is reduced. When that is the case, the decade analysis should be used to ensure adequate sample size. It is also recommended based on these analyses that this value be re-estimated using new data on a 5-to 10-year basis. Based on the exponential decay model presented in Fig. 5 ANOVA results (F=58.88; df=5, 207; P=6.28×10 -38 ; R 2 =0.5872) showed that both the "Fort Jackson" and "Fort Stewart" collection sites were significantly higher than all other sites, but not significantly different from each other body burdens for the SRS deer herd as a whole should be below detection limits (<1.0 pCi g Cs body burdens are for, the SRS deer population from global fall-out rather than site activities would be 3.4-3.5 pCi g -1 , which represents the range from the mean to UCL for all SRS hip monitored for the last 5 years ( Table 2 ). The extremely large sample size (n=3,652) minimizes the variance providing an extremely accurate estimate of the what the true background is for the site, by minimizing the effects of the occasional harvesting deer whose body burden was effected by site activities. To obtain a proper estimate of the UCLD to be used to determine if an individual deer belongs in that range, the upper confidence limit based of the standard deviation should be used. Using this approach based on site-wide estimates for the last decade, any deer collected from the SRS should fall within 1.0 (the detection limit) and 10.5 pCi g -1 (Table 9 ). This would represent the true variations of individual deer residing on the SRS. Although the entire site deer dataset could be used to establish background, stakeholder regulators wanted to determine the difference if the estimate was only based on deer data collected from hunt compartments on the SRS considered to be background. That is, data from deer collected from locations lacking 137 Cs exposure related to SRS operations (Fig. 3) . Using only what might be considered "unimpacted compartments", the UCLD from the background compartments vary from 2.8 to 9.7 pCi g -1 (Fig 3. ) with a UCLD of 8.54 pCi g -1 (Table 9) . Since the SRS deer-herd background levels are spatially varied based on environmental variables, such as soil type and land use, another statistically and scientifically valid approach to determine what 137 Cs background body burdens are for the SRS deer population would be to use the UCLD for the compartment with the highest mean value that does not have nuclear industrial activities associated with it (e.g., compartments 2-4, 9-10, 12-15) or lie in the lower watershed of a nuclear industrial impacted compartment such as Steel Creek compartments south of L-Lake (e.g., compartments 45 and 49) or Lower Three runs south of PAR Pond (e.g., In both cases, deer collected off the SRS were significantly lower than deer collected on the SRS. No other sites were significantly different then each other. Data are presented as the arithmetic mean with lower/upper 95 % confidence limit (LCL/UCL) Data are presented as the arithmetic mean with lower/upper 95 % confidence limit (LCL/UCL) compartment 8; Fig. 3 ). This approach assumes that the compartment level is spatially representative of the deer that are harvested in that compartment. Deer studies on the SRS support this assumption (Sweeney 1970; Wentworth 1998) , with the most recent study (D'angelo et al. 2003) showing fall home ranges of up to 500 ha with mean deer movements during SRS hunts to be 0.8 km. With each hunt unit falling between 3,458 and 5,273 ha, the compartmental unit is a reasonable scale to investigate deer ) which is why the compartmental estimates take approximately 26 years longer than the site-wide estimate described above. These higher body burdens are most likely due to the soils capacity to retain 137 Cs from global fallout thus making it more bioavailable to the deer (Jenkins et al. 1971; Jenkins 1975) . These trends were also seen in raccoons harvested on the SRS where some onsite reference areas were higher in 137 Cs than offsite control areas (Gaines et al. 2000) . Using the compartmental approach to best estimate what background 137 Cs body burdens are for the SRS deer population associated with non-nuclear industrialized areas (e.g., global fall-out) would be 4.1-4.6 pCi g -1 , which represents the range from the Data are presented as the arithmetic mean with lower/upper 95 % confidence limit (LCL/UCL). The standard deviation (STD) and upper 95 % confidence limit of the data (UCLD) based on the STD are listed. The lower 95 % confidence limit of the data based on the STD was always 1 pCi g -1 (the detection limit) ) using the exponential decay model presented in Fig. 4 . Data are presented as the arithmetic mean with 95 % confidence limits mean to UCL for those compartments with naturally high background levels (Fig. 3) . To achieve adequate sample size to minimize variance, these estimates are based on decades rather than 5-year increments. However, site-wide estimates based on decade (mean= 3.8 pCi g -1 ) and UCL (3.9 pCi g -1 ) are very similar to half-decade estimates (Table 9 and Table 2 respectively). As previously mentioned, to obtain a proper estimate of the UCLD to be used to determine the range of individual deer, the upper confidence limit based of the standard deviation should be used. In that case, based on compartmental estimates for the last decade, any individual SRS deer collected from compartments not associated with nuclear industrial activities should fall within 1.0-8.5 pCi g -1 . This would represent the true variations of individual deer residing in non-nuclear industrial areas on the SRS.
To understand the
137
Cs dynamics of white-tailed deer on the SRS, the best approach is to analyze the data using a spatiotemporal approach because of the distributions of different biogeochemical properties of the site coupled with the temporal decay of the radioisotope. However, a component that cannot be ignored that will affect the soils ability to retain 137 Cs especially in sandy soils is rainfall. During drought years, 137 Cs is much more bioavailable in many soil types (Golmakani et al. 2008; Goor et al. 2003; Heckman and Kamprath 1992; Hinton et al. 2006; Leigh and Johnston 1983; Nimis 1996) . This is most likely demonstrated in the variability of the data for nonindustrial impacted compartments throughout the SRS. In early investigations of this dataset, precipitation data were used as covariables, but the available data lacked the spatial resolution to be included in the modeling effort. Based on these stochastic variations, it is extremely likely that deer will achieve (background) 137 Cs levels in drought or otherwise water stressed years in excess of 8.5 pCi g -1 and fall within the upper 5 % of the data range. For some background compartments (e.g., compartments 3-4) this number could approach 20 pCi g -1 and still be attributed to global fallout.
